We examined the effects of whey versus collagen protein on skeletal muscle cell signalling responses associated with mitochondrial biogenesis and protein synthesis in recovery from an acute training session completed with low carbohydrate (CHO) availability. In a repeated measures design (after adhering to a 36-h exercise-dietary intervention to standardise preexercise muscle glycogen), eight males completed a 75-min non-exhaustive cycling protocol 
Introduction
The role of increased dietary protein intake in facilitating skeletal muscle adaptations associated with endurance training is now gaining acceptance (Moore et al. 2014 ). Indeed, consuming protein before ), during (Hulston et al. 2011 ) and/or after (Rowlands et al. 2015) an acute training session stimulates muscle protein synthesis (MPS). Post-exercise protein feeding has also been shown to modify skeletal muscle transcriptome responses towards those supporting the endurance phenotype (Rowlands et al. 2011 ). In considering protein-feeding strategies for athletes, it is pertinent to consider the absolute dose ( Contemporary guidelines recommend whey protein beverages due to its higher leucine content and rapid aminoacidemia upon ingestion (Thomas et al. 2016 ), though hydrolysed collagen beverages and gels are now commercially available and marketed to athletic populations.
Whilst the use of a gel delivery matrix appears particularly beneficial for endurance athletes given the practical advantages of feeding while in locomotion (Impey et al. 2015) , it is noteworthy that collagen based formulations likely have lower leucine content and digestibility compared with whey (Phillips, 2016).
With this in mind, the aim of the present study was to therefore examine the effects of two practically relevant protein-feeding strategies (i.e. whey protein solution versus a hydrolysed collagen blend in a gel format) in modulating skeletal muscle cell signalling responses associated with mitochondrial biogenesis and MPS. Given the increased popularity of training with low carbohydrate (CHO) availability (i.e. the train-low paradigm) in an attempt to enhance mitochondrial related adaptations (Hawley and Morton, 2014; Bartlett et al. 2015 ; Impey et al. 2016 ; 2018), we adopted an experimental design whereby male cyclists completed 56.5 ± 3.8 ml.kg -1 .min -1 and 327 ± 26 W respectively. None of the participants had a history of neurological disease or skeletal muscle abnormality and none were under pharmacological intervention during the study. The study was approved by the Research Ethics Committee of Liverpool John Moores University.
Design:
In a repeated measures counterbalanced design separated by 7-9 days, subjects completed two non-exhaustive acute exercise trials in conditions of reduced CHO availability with whey (WHEY) or a hydrolysed collagen blend (COLLAGEN) provision before, during and after exercise. At 36-40 h prior to the main experimental trials, all subjects performed a glycogen depletion protocol followed by 36 h of low CHO (3 g.kg.d -1 ) and energy intake (~7.58 ± 0.6 MJ.day -1 ) (as replicated from Impey et al. 2016 ) in order to standardise pre-exercise muscle glycogen content (see Figure 1 ). Subjects refrained from CHO intake on the morning of the main experimental trial as well as during exercise, but consumed 1. availability in the form of whey or collagen throughout. Muscle biopsies were obtained from the vastus lateralis immediately pre-, post-and at 1.5 h post-exercise.
Assessment of peak oxygen uptake: Participants were assessed for peak oxygen consumption (VO2peak) and peak aerobic power (PPO) as determined during an incremental cycle test performed on an electromagnetically braked cycle ergometer as previously described (Impey et al. 2015) .
Experimental Protocol:
Day 1 and 2: Participants arrived at the laboratory on the evening (17.00) of day 1.
Subjects then performed an intermittent glycogen-depleting cycling protocol lasting ~120 min (as described by Impey et al. 2016 ). This protocol and all subsequent cycling protocols were conducted on a fully adjustable electromagnetically braked cycle ergometer (Lode Excalibur, Netherlands). The activity pattern and total time to exhaustion (115 ± 5 min; Energy expenditure:
1444 ± 107 kJ) were recorded and repeated exactly during the second experimental condition.
Participants then consumed a diet low in carbohydrate (3 g. 
Results

Physiological and metabolic responses to exercise
Exercise intensity and substrate metabolism during the steady state component of the exercise protocol is displayed in Table 1 . No significant differences (P>0.05) were observed between trials for any parameter. Exercise reduced (P<0.001) muscle glycogen stores to comparable levels (150 mmol.kg -1 dw) with no difference (P=0.485) between conditions ( Table   2 ). Plasma NEFA, glycerol and β-OHB increased during exercise (P<0.001) though plasma glucose did not display any change (P = 0.112) (Figure 2 A in plasma NEFA availability across the whole sampling period were suppressed in WHEY compared with the COLLAGEN trial (P=0.046) whereas no differences were observed between trials for glycerol (P=0.080), β-OHB (P = 0.070) or glucose (P=0.963). Despite differences in NEFA availability during exercise, no differences were observed in either CHO (P=0.640) or lipid oxidation (P=0.750) during the steady state component of the exercise protocols ( Table 1 , respectively).
Markers of mitochondrial adaptations
The magnitude of the exercise-induced increase (P = 0.001) in PGC-1α mRNA expression at 90 min post-exercise was not different (P = 0.731) between trials ( Figure 3A ).
Neither exercise (P = 0.354) nor experimental condition (P = 0.472) affected p53 mRNA expression ( Figure 3B ). As markers of mitophagy, Parkin mRNA displayed no effect of exercise (P = 0.417) or experimental condition (P = 0.301), whereas Beclin 1 displayed a trend towards an effect of exercise (P = 0.058) but no effect of condition (P = 0.968). 
Plasma amino acids
(P=0.025) was different between trials whereas AUC for BCAA (P=0.135) and EAA (P=0.062)
were not different (data not shown).
In accordance with post-exercise CHO intake, insulin increased from pre-and postexercise values (P = 0.034) though the magnitude of change was not different between trials (P = 0.159) ( Figure 4D ). As such, no difference (P=0.187) was apparent between trials for insulin AUC data (data now shown) PKB activity was elevated at 90 min post-exercise (P = 0.003) compared with preexercise values, irrespective of nutritional condition (P=0.370) ( Figure 4E Figure 4F ).
Discussion
We examined the effects of whey versus collagen protein on skeletal muscle cell signalling responses associated with mitochondrial biogenesis and protein synthesis in recovery from an acute training session completed with low CHO availability. We deliberately studied two forms of protein feeding that we consider have practical relevance for endurance athletes i.e. a whey protein solution versus a hydrolysed collagen blend administered in a gel format. We also adopted an acute training session intended to mimic situations in which endurance athletes deliberately train with low endogenous and exogenous CHO availability in an attempt to promote oxidative training adaptations ). Whilst we observed no effects of protein composition on acute adaptations associated with mitochondrial biogenesis, whey protein induced greater leucinemia and post-exercise activity of p70S6K activity than collagen. We suggest that such differences between studies may be due to the magnitude of energy deficit associated with the CHO restriction and glycogen taxing exercise protocols used both here and previously ). Indeed, whilst it is difficult to directly compare the total energy expenditure between this study and the data of Apro et al. (2015b) , the exercise intervention studied here elicited considerably lower muscle In relation to the re-activation of p70S6K activity in the recovery period from exercise, it is noteworthy that we previously observed that the sustained presence of reduced CHO (and energy availability) and/or high post-exercise fat availability also suppresses the re-activation of p70S6K1, even when leucine enriched whey protein was consumed in the post-exercise period . Based on these studies, we therefore suggested that the apparent suppression of p70S6K1 activity may be due to 1) reduced insulin and PKB signalling or, 2) a direct effect of increased fat availability (Kimball et al. 2015) and/or reduced glycogen mediating suppression of mTORC1 complex via energetic stress related mechanisms. The present data lend support for the latter mechanism for several reasons. First, we observed that the whey-induced increase in p70S6K1 activity when compared with collagen feeding was independent of post-exercise insulin and PKB activity. Second, at the termination of exercise In summary, we demonstrate that when in recovery from an acute training session undertaken with low CHO and energy availability, whey protein induces greater leucinemia and post-exercise p70S6K activity compared with a hydrolysed collagen blend. Data suggest that hydrolysed collagen blends are a sub-optimal protein source in relation to the goal of stimulating those signalling pathways that regulate muscle protein synthesis. Future studies are now required to directly assess the acute effects of whey versus collagen protein feeding on muscle protein synthesis as well as to examine the long-term effects of such feeding strategies on training-induced skeletal muscle adaptations and performance outcomes.
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Stephens, F. B., Chee, C., Wall, B. J., Murton, A. J., Shannon, C. E., van Loon, L. J. On the evening of day 1, subjects completed a glycogen depleting protocol followed by consumption of 22 g of whey protein. Throughout the entirety of day 2, subjects consumed a low CHO and low energy dietary protocol that was matched for both protein and fat intake. During the main experimental trial on day 3, subjects ingested 22 g of collagen (COLLAGEN) or whey (WHEY) protein before, during and after completion of an acute train-low exercise protocol. In addition to protein, subjects also consumed CHO (0.6 g.kg -1 BM) at 30 min and 1 h post-exercise. Muscle biopsies were obtained immediately pre-exercise, post-exercise and 1.5 h post-exercise. This experimental protocol represents an amalgamation of train-low paradigms as subjects effectively performed sleep low on the evening of day 1, consumed a low CHO diet on day 2 and finally, completed an acute training session on the morning of day 3 with CHO restricted before and during exercise. 
